We show that light leakage that occurs in reflective polarizers at large angles of incidence can be suppressed by using anisotropic dielectric multilayers with larger reflective indices in thickness direction and that the interference-included 2 × 2 Jones matrix method is useful for the investigation of the optical propagation properties of the dielectric multilayers. The thickness of the reflective polarizer can also be reduced by optimizing the distribution of the multilayers in the stack, whilst considering the visual sensitivity. These results indicate that it is possible to realize a high-quality liquid crystal display with wide viewing angles and high light utilization efficiency. key words: reflective polarizer, anisotropic dielectric multilayers, wide viewing angle, film thickness distribution, thin thickness
Introduction
In recent years, noticeable progress in the optical performance of liquid crystal displays (LCDs) has been made due to the huge growth of smartphones and tablet terminals. The highest-resolution LCDs can be manufactured with over 500 pixels per inch (ppi) and have been demonstrated in practical use. However, high-definition LCDs have a low light utilization efficiency and aperture ratio because the thin film transistors (TFTs) and metal lines block light from the backlight, and have a fixed size regardless of the pixel size. Therefore, the improvement of the light utilization efficiency is the most important issue in the development of high-definition LCDs.
The reflective polarizer [1] - [8] has been used to improve the light utilization efficiency of LCDs. Figure 1 shows the operating principle of a reflective polarizer. The reflective polarizer is a dielectric multilayer film which is composed of thin polymer layers with alternating high and low refractive indices. The low-refractive-index polymer layer (L layer) is optically isotropic, whereas the high-refractive-index polymer layer (H layer) is uniaxially anisotropic. In this paper, the x-axis is defined as the direction of the slow axis of the high-refractive-index layer (Fig. 1) .
When the L layer and H layer both have the same refractive index in the y-axis (n Ly and n Hy , respectively), the reflective polarizer transmits the polarized light along the y-axis (y-polarization). On the other hand, when the polarized light is aligned to the x-axis (x-polarization), it is reflected due to the difference in refractive indices between the L and H layers (n Lx and n Hx , respectively). As a result, the transmitted light becomes linearly polarized along the yaxis. The reflected x-polarization light is reflected again and depolarized at the reflector that is located under the lightguide plate [9] . As a result, the reflected light can be reused as transmitted light and the light utilization efficiency is improved by 1.5 times compared with that of traditional LCDs. The emitted light from backlight must pass through the reflective polarizer from a wide range of angles; therefore, the reflective polarizer must have no dependence on the incidence angle in order to achieve the highest utilization efficiency. However, in conventional reflective polarizers, the reflection wavelength is blue-shifted for incident light that is oblique in the x-z plane. At large incidence angles, this means that longer-wavelength light will pass through, as shown in Fig. 2 , which results in a color shift of the LCDs. Figure 3 shows the measured chromaticity of the light transmitted through a reflective polarizer as a function of incidence angle. We measured the spectrum of the transmitted light by using Spectroradiometer (SR-UL1, Topcom
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To solve this problem, increasing the layer thickness or the total number of layers has been proposed. By increasing the range of the reflection wavelength towards the longwavelength region, light leakage can be suppressed, even when the reflection wavelength band shifts towards shorter wavelengths. However, increasing the film thickness also increases the cost and complexity of the fabrication as the reflective polarizer is composed of several hundred polymer layers. To reduce the dependence of the incident angle in a reflective polarizer without increasing the thickness, it is necessary to clarify the optical propagation properties for the optically anisotropic dielectric multilayers with oblique light incidence. However, the optical properties for reflective polarizers with oblique incident light have not yet been fully elucidated.
In this paper, we examine the optical propagation properties of the dielectric multilayer with light at an oblique incidence and design a thin reflective polarizer with a wide viewing angle. 
Interference-Included 2 × 2 Jones Matrix Method
In this section, we discuss the method used to analyze the optical propagation properties of the optically anisotropic dielectric multilayers for oblique light incidence. In general, Berreman's 4 × 4 matrix method [10] , [11] has been widely used to calculate optical propagation in dielectric multilayers. However, an analysis of the transmission properties for each layer is difficult because each matrix component includes the effects of light transmission, reflection, phase change, and interference, which cannot be treated separately.
The Interference-Included Jones Matrix Method (IIM method) [12] , which is based on the extended 2 × 2 Jones matrix method [13] - [15] , can also be used to calculate the transmittance of each layer by considering multiple reflections and multiple interference paths. In the IIM method, the transmission vector (T x , T y ) is calculated by multiplying the Jones matrix, M N , of the medium by the incidence vector (A x , A y ), as shown in the equation:
The Jones Matrix M N is a 2 × 2 matrix, which shows the optical characteristics of a multilayer film consisting of N layers and is expressed as:
where D N is a transmission matrix between layers N and N + 1, P ± N is the propagation matrix of the layer N in the forward and backward directions, and G N is the interference matrix of the layer N (see Fig. 4 ).
In the IIM Method, each optical phenomenon is represented by a different matrix and, hence, the IIM method is easier to analyze the optical characteristics of multilayer In the case of the reflective polarizer, incidence angle dependence arises with light polarized in the x-axis; therefore, Eq. (1) could be simplified as follows:
In Eq. (3), the [1, 2] and [2, 1] components of the Jones matrix M N become zero because the azimuth of the incident light is parallel to the slow axis of the H layer. It was found that the component [1, 1] was the only valid incidence vector component of A x and should be solely focused on for the analysis and design of the reflective polarizer.
Incidence Angle Dependence Analysis for the Reflective Polarizer
We analyzed the optical propagation properties of the reflective polarizer by using the 2 × 2 IIM method for reducing the incidence angle dependence. The incidence angle dependence of the transmitted light in a reflective polarizer arises only due to long-wavelength light. Therefore, we considered that the matrix component [1, 1] in Eq. (3) also changes with the angle of incidence. The matrix component [1, 1] in Eq. (3) is a multiplication of the matrix component [1, 1] of transmission, propagation and interference matrixes and is represented by:
We considered that any matrix which increased in value for large incidence angles in the long-wavelength region could be the cause of incidence angle dependence of the matrix component [1, 1] . For this reason, we calculated incidence angle dependence of each matrix component for N multilayers. The calculation results are shown in Fig. 5 .
As shown in Fig. 5 (a) , the transmission matrix of the component [1, 1] decreases with increasing incidence angle in the long-wavelength range. The propagation matrix of the component [1, 1] does not change with the incidence angle ( Fig. 5 (b) ). These results show that the transmission and propagation matrix are not the cause of the angle dependence in the reflective polarizer. On the other hand, we found that the interference matrix of component [1, 1] increases for large incidence angles (Fig. 5 (c)) .
As a result, we clarified that the cause of the incidence angle dependence of transmitted light in the reflective polarizer was the interference matrix. Based on this result, we further analyzed the optical characteristics of the interference matrix so that the incidence angle dependence could be improved. The interference matrix of component [1, 1] was expressed as follows:
where R is a reflection matrix. In general, the phase change of each layer of the reflective polarizer is designed to be π/2 for normally incident light in order to maximize the attenuation rate of light by the interference. Therefore, we considered that the incidence angle dependence of the interference matrix was due to a change of the value of phase change in each layer. The value of the phase change for each layer is included in the propagation matrix P in the IIM method. Therefore, we analyzed the propagation matrix to improve the incidence angle dependence of the transmitted light. Equation (6) represents the component of propagation matrix in layer k.
k xz denotes the wavenumber of the x-polarization in the z direction, and d represents the thickness of the layer. k xz was calculated by:
As shown in Eq. (7), it is evident that the incidence angle dependence of the propagation matrix depends on n x /n z .
We clarified that the incidence angle dependence can be suppressed by increasing the refractive index along the z direction (n z ) to reduce the value of (n x /n z ). As a result, we proposed a new structure for a reflective polarizer that is composed of polymer layers with high refractive index along the z direction to reduce the incidence angle dependence. Figure 6 shows the incidence angle dependence of k xz · d for the conventional and proposed H layers at a wavelength of 700 nm. Table 1 shows the refractive indices used for the calculation at 700 nm.
As shown in Fig. 6 , the change of k xz · d for increasing angles of incidence in the proposed H layer was smaller than that of the conventional one. Figure 7 shows the transmission spectra of the proposed reflective polarizer as a function of incidence angle and the refractive index ellipsoids of the H and L layers. The incidence light was x-polarized.
As shown in Fig. 2 , the conventional reflective polarizer exhibits light leakage with an incidence angle of over 50
• in the long-wavelength range. In contrast, the proposed reflective polarizer shows no light leakage even for light with an angle of incidence of over 70
• (Fig. 7) . As a result, we confirmed that we successfully suppressed the incidence angle dependence of transmitted light for reflective polarizers by increasing the refractive index along the z direction.
Optimization of Film Thickness Distribution for Thin Reflective Polarizer
Next, we investigated the optimum distribution of the polymer layer thicknesses to achieve the thin reflective polarizer. In general, the thickness distribution of a conventional reflective polarizer is a linear distribution [16] . In the linear thickness distribution, the film thickness of each layer gradually increases from the first layer to the last layer. Figure 8 shows the transmission spectra for a reflective polarizer with a linear thickness distribution and using x-polarized incident light.
As shown in Fig. 8 , the transmittance has wavelength dependence with a peak in transmittance at around 580 nm, very close to the maximum sensitivity wavelength of the human eye (∼ 550 nm). Therefore, we considered that the number of layers could be reduced by removing the layers that correspond to the short-and long-wavelength ranges. However, when using a linear thickness distribution, reducing the total number of layers increases the transmittance throughout the entire visible range.
Therefore, we developed a polymer layer distribution model that would allow precise control of the intensity of the transmitted light in a narrow wavelength range. In general, the wavelength of the reflected light depends on the thickness and refractive index of the polymer layer. Equation (8) represents the relationship between the layer thickness and the principal wavelength, λ, for the reflected light.
n Hxλ and n Lxλ denote the refractive indices for the H and L layers at the principal wavelength using light in the xpolarization. According to Eq. (8), the transmittance of the principal wavelength decreases when polymer layers of the same thickness are stacked. Figure 9 shows the calculated result of the transmission spectra for one set of multilayers. The principal wavelength is 442 nm. As shown in Fig. 9 , the transmittance becomes low for the principal wavelength and several tens of wavelengths either side of it. The bandwidth of the reflected light was 39 nm. As a result, we confirmed that a set of multilayers having the same thickness could decrease transmittance in a narrow wavelength range. Additionally, we found that the transmittance can decrease multiple wavelengths at a time by using several sets of multilayers, each with a different principal wavelength. Therefore, we controlled the transmission spectra of a reflective polarizer by optimizing layer numbers for each set of multilayers. We derived the minimum number of layers necessary to decrease the transmittance to a value of 0.01 for three wavelengths (400 nm, 550 nm, and 700 nm) (Fig. 10) .
As shown in Fig. 10 , the number of layers required was different for each of the three wavelengths, where the numbers of layers were 56, 67, and 75 layers for 400 nm, 550 nm, and 700 nm, respectively. This is because the difference in the refractive indices between the L layer and the H layer (n Lx and n Hx ) becomes small at longer wavelengths due to the dispersion of refractive indices. Therefore, the thin reflective polarizer could be realized by using a unique thickness distribution for each specific wavelength, reducing the total number of layers in the structure. Figure 11 compares the minimum number of multilayers required for each method, where the number of layers required in the conventional thickness distribution was 900 but in the proposed thickness distribution only 516 were needed. Consequently, the proposed thickness distribution can reduce the number of layers that are required in the reflective polarizer.
Furthermore, Fig. 12 shows the transmission spectra of the reflective polarizer using the proposed thickness distribution. We confirmed that the transmitted spectra using the proposed thickness distribution has the same transmission spectra as the conventional one. Finally, we calculated the transmission spectra of the reflective polarizer using the proposed thickness distribution and increased refractive index along the z direction of the L and H layers (Fig. 13) . We confirmed that this novel reflective polarizer exhibited no light leakage, even at incidence angles in excess of 70
• .
Conclusion
Using the IIM method, we analyzed the optical propagation properties of an optically anisotropic dielectric multilayer to suppress the incidence angle dependence of transmitted light. We confirmed that the matrix component [1, 1] was critical for the analysis and design of a reflective polarizer. We showed that, in a reflective polarizer, the incidence angle dependence of the transmitted light could be suppressed by increasing the refractive index of the L and H layers along the z direction. In addition, we confirmed that the thickness of the reflective polarizer could be reduced by optimizing the distribution of film thickness to control the transmittance in the narrow-wavelength range. We successfully designed a thin reflective polarizer with a wide viewing angle. These results indicate that it is possible to realize high-quality liquid crystal displays with wide viewing angles and high light utilization efficiency.
